DO, Salmon AH. VEGF165b overexpression restores normal glomerular water permeability in VEGF164-overexpressing adult mice. Am J Physiol Renal Physiol 303: F1026 -F1036, 2012. First published July 18, 2012 doi:10.1152/ajprenal.00410.2011.-Vascular endothelial growth factor (VEGF)-A, a family of differentially spliced proteins produced by glomerular podocytes, maintains glomerular filtration barrier function. The expression of VEGF molecules is altered in human nephropathy. We aimed to determine the roles of the angiogenic VEGF164 isoform, and the antiangiogenic VEGF165b isoform in mature, adult glomeruli in vivo using conditional, inducible transgenic overexpression systems in mice. Podocyte-specific VEGF164 overexpression (up to 100 days) was induced by oral administration of doxycycline to adult podocin-rtTA/TetO-VEGF164 double transgenic mice. The consequences of simultaneous overexpression of VEGF164 and VEGF165b were assessed in triple-transgenic podocin-rtTA/TetO-VEGF164/nephrin-VEGF165b mice. Persistent VEGF164 overexpression did not cause proteinuria but did increase glomerular ultrafiltration coefficient between days 3 and 7. Despite persistently increased VEGF164 levels, glomerular ultrafiltration coefficient normalized by day 14 and remained normal up to 100 days. Decreased subpodocyte space (SPS) coverage of the glomerular capillary wall accompanied increased glomerular hydraulic conductivity in VEGF164-overexpressing mice. The changes in glomerular ultrafiltration coefficient and SPS coverage induced by 7 days of overexpression of VEGF 164 were not present in triple transgenic VEGF164 and VEGF165b overexpressing mice. These results indicate that 1) the adult mouse glomerulus is relatively resistant to induced VEGF164 overexpression.
The expression of VEGF molecules is altered in human nephropathy. We aimed to determine the roles of the angiogenic VEGF164 isoform, and the antiangiogenic VEGF165b isoform in mature, adult glomeruli in vivo using conditional, inducible transgenic overexpression systems in mice. Podocyte-specific VEGF164 overexpression (up to 100 days) was induced by oral administration of doxycycline to adult podocin-rtTA/TetO-VEGF164 double transgenic mice. The consequences of simultaneous overexpression of VEGF164 and VEGF165b were assessed in triple-transgenic podocin-rtTA/TetO-VEGF164/nephrin-VEGF165b mice. Persistent VEGF164 overexpression did not cause proteinuria but did increase glomerular ultrafiltration coefficient between days 3 and 7. Despite persistently increased VEGF164 levels, glomerular ultrafiltration coefficient normalized by day 14 and remained normal up to 100 days. Decreased subpodocyte space (SPS) coverage of the glomerular capillary wall accompanied increased glomerular hydraulic conductivity in VEGF164-overexpressing mice. The changes in glomerular ultrafiltration coefficient and SPS coverage induced by 7 days of overexpression of VEGF 164 were not present in triple transgenic VEGF164 and VEGF165b overexpressing mice. These results indicate that 1) the adult mouse glomerulus is relatively resistant to induced VEGF164 overexpression. VEGF164 overexpression altered glomerular permeability but did not cause proteinuria in these mature, adult animals; 2) the SPS is a dynamic VEGF-responsive modulator of glomerular function; and 3) the balance of VEGF isoforms plays a critical role in the regulation of glomerular permeability. VEGF165b is capable of preventing VEGF164-induced changes in glomerular permeability and ultrastructure in vivo.
glomerulus; permeability; VEGF; proteinuria; podocyte PROTEINURIC KIDNEY DISEASE is the leading cause of end-stage renal failure in the Western world (e.g. Ref. 1) . Dysfunction in any of the layers of the glomerular filtration barrier (GFB) may result in proteinuria (13) , as genetic and acquired loss of a number of slit diaphragm and slit diaphragm-associated proteins in podocytes (17, 37) , glomerular basement membrane components (3) , and endothelial cell pathology (28) including loss of endothelial glycocalyx (15) , all result in proteinuric kidney disease. Defects in individual layers of the barrier can cause proteinuria, but the multiple layers of the barrier act in concert to generate low resistance to water and high exclusion of albumin (7, 13) . The sieving characteristics of the barrier are also dependent on dynamic paracrine-induced interactions between cellular components of the GFB, such as those elicited by the vascular endothelial growth factor (VEGF) axis (8) .
The vegf-a gene encodes a family of proteins (termed VEGFA, or VEGF), highly expressed by podocytes, that act on cognate tyrosine kinase receptors expressed by both podocytes and endothelial cells (8) . VEGF is encoded by eight exons, variably incorporated into the final molecule by alternative splicing resulting in a series of molecules of different amino acid number (from 121 to 206 in humans; Ref. 14) and functional properties (e.g., heparin binding; Ref. 16 ). In 2002, Bates et al. (4) described two distinct reading frames within exon 8 of the human vegf-a gene, enabling alternative splicing and resulting in different amino acid sequences in the final protein. As the encoded amino acid sequences are the same length, the mature proteins can be distinguished by composition but not by length. Proximal splice site selection in the terminal exon results in propermeability, proangiogenic isoforms of VEGF, termed VEGF xxx (e.g., human VEGF 165 and the murine equivalent VEGF 164 ). Distal splice site selection results in a second family of isoforms, termed VEGF xxx b, with contrasting functions. VEGF 165 b, for example, inhibits angiogenesis (14) and does not cause the chronic increase in systemic microvessel permeability typical of VEGF 165 (12) . These isoform families appear to be expressed in approximately equal amounts in the normal adult human kidney (5) .
Genetic depletion of all VEGF isoforms from mouse glomeruli causes proteinuria (9, 10) . In humans, a significant percentage (21-62%) of patients receiving anti-VEGF monoclonal antibody therapy licensed for use in cancer exhibit lowgrade proteinuria, ϳ2% of patients develop frank proteinuria, and the risk of developing nephrotic syndrome is increased sevenfold (38, 40) .
The effect of overexpression of VEGF isoforms is more complex. Excessive glomerular VEGF levels have been reported in adult human proteinuric glomerulopathies (30) , but reduced VEGF levels in the same diseases have also been reported (e.g., Ref.
2), and VEGF may play different roles in early and late nephropathy. Transgenic overexpression of VEGF 164 in podocytes during glomerular development causes glomerulopathy and proteinuria, with greater degrees of overexpression resulting in more severe glomerular pathology (10) . The consequences of VEGF overexpression diminish with increasing maturation of the animal: overexpression during embryonic development results in congenital nephrotic syndrome (35) , overexpression at birth results in a modest minimal change disease-like phenotype (33, 35) , and overexpression in more mature glomeruli (2-3 mo of age) induces proteinuria (36) , which abates if VEGF 164 levels return to normal.
In addition, the consequences of glomerular VEGF overexpression are isoform specific (24) . VEGF 165 b-overexpressing animals are healthy to 18 mo of age, with a normal glomerular filtration rate, normal levels of urinary protein excretion, and normal histology by light microscopy, but with a reduction in glomerular permeability to water (normalized ultrafiltration coefficient), associated with decreased glomerular endothelial fenestral density (24) . These findings raise the possibility that VEGF 165 b could ameliorate VEGF 164 overexpression-induced proteinuria.
We therefore sought to determine whether VEGF 164 overexpression in mature, adult animals causes robust glomerular disease and whether VEGF 165 b overexpression could ameliorate VEGF 164 overexpression-induced proteinuria.
METHODS
All chemical were purchased from Sigma-Aldrich (Dorset, UK) unless otherwise stated.
Generation of Transgenic Animals
All experiments were performed in accordance with UK Home Office Legislation, with Local Ethical Committee approval. podocinrtTA and tetO-VEGF 164 mice (both mixed strain background) were supplied by Susan Quaggin with permission from Jeffrey Kopp (National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD) and Jeff Whitsett (Children's Hospital Medical Center, Cincinnatti, OH). Crossing these two strains resulted in doubletransgenic mice (podocin-rtTA x tetO-VEGF 164: pod/tet-VEGF164), as well as littermate controls bearing either none or one of these transgenes. Murine VEGF 164 overexpression was induced in these mice by administration of doxycyline in light-protected drinking water at a concentration of 2 mg/ml in a solution of 5% (wt/vol) sucrose that was changed twice per week. nephrin-VEGF 165b mice (neph-VEGF165b; C57Bl6 strain background) were bred in-house; these mice constitutively overexpress human VEGF165b during development and adulthood (24) . Triple-transgenic podocin-rtTA x tetO-VEGF164 x nephrin-VEGF165b mice (pod/tet-VEGF164/nephVEGF165b) were obtained by crossing pod/tet-VEGF164 and nephVEGF165b mice. All animals in the study [26 pod/tet-VEGF164 mice; 27 littermate control mice; 6 neph-VEGF165b mice (3 nephVEGF165b, 3 pod/tet-VEGF164/neph-VEGF165b)] were between 8 and 22 wk old.
Animal Genotyping
Genomic DNA was isolated from tail tips using Qiagen DNeasy isolation kit. The following pairs of primers were used for PCR: for the podocin-rtTA transgene, forward CGCACTTCAGTTACTTCAGGTC-CTC and reverse GCTTATGCCTGATGTTGATGC; for tetO-VEGF 164 transgene forward TGGATCCATGAACTTTCTGCT and reverse AATTCACCGCCTCGGCTTCTC; and for nephrin-VEGF165b forward TCAGCGCAGCTACTGCCATC and reverse GTGCTGGCCTTGGT-GAGGTT.
Biochemistry
Mice were housed in metabolic cages (Tecniplast UK) for spot urine collection with food and water provided ad libitum. Urine was collected, centrifuged, and stored in 0.2-ml aliquots at Ϫ20°C. Total urinary protein was determined spectrophotometrically using pyrogallol red molybdenum complex (Thermo Fisher Scientific). Urine creatinine was measured using an enzymatic spectrophotometric assay (Konelab T-Series 981845; Thermo Fisher Scientific). Both assays were carried out by a fully automated chemistry analyzer (Konelab 30i; Thermo Fisher Scientific). Urine albumin was determined with a mouse-specific albumin ELISA (Bethyl Laboratories).
VEGF Expression
Kidney cortex was harvested immediately postmortem in euthanized mice. Fresh cortical tissue was lysed in RIPA buffer, and the levels of VEGF were determined in the supernatant by ELISA using a mouse VEGF specific kit (R&D Systems). VEGF levels were normalized on total protein concentration as determined by Bradford assay.
VEGF Receptor 2 Expression
The same kidney cortical tissue extracts used for VEGF expression ELISA assays was used for immunoblotting against VEGF receptor 2 (VEGFR2). Thirty micrograms of total protein for each sample were boiled for 5 min, separated by SDS/PAGE (7.5%) gel, and transferred to PVDF membranes. The membranes were blocked and probed overnight (4°C) using rabbit anti-VEGFR2 antibody (Cell Signaling cat. no. 55B11; dilution of 1:1,000). Further on the membranes were incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibody (dilution of 1:7,000), and bands were visualized using Super Signal West Femto Maximum Sensitivity Substrate (Pierce). The membranes were subsequently stripped and reprobed for ␣-tubulin. ImageJ was used to quantify and normalize VEGFR2 bands to ␣-tubulin.
Glomerular Morphology
Light microscopy. Kidney cortex samples were flash frozen, and 5-to 10-m sections were cut using a rotary microtome. Sections were mounted onto glass slides and stained with hematoxylin and eosin using standard techniques. Images were captured using a DCN-100 digital imaging system (Nikon Instruments, Surrey, UK).
Electron microscopy. Small pieces (0.5-to 1-mm diameter) of kidney cortex were rapidly excised and fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (4°C), washed in 0.1 M cacodylate buffer, postfixed in 1% osmium tetroxide in cacodylate buffer, and washed in distilled water. Tissues were dehydrated with ethanol, infiltrated, and embedded in an Araldite resin mix (Agar Scientific). Survey sections (500-nm thick) were cut from each kidney and stained with toluidine blue [1% in 1% borax(aqueous)] for light microscopy. Glomeruli were identified before trimming the cut surface to include one to three glomeruli (clustered) in a smaller block face suitable for ultrathin serial sectioning. Then, 50-to 100-nm thick sections were stained with 3% (aqueous) uranyl acetate and Reynolds' lead citrate solution (25) . Digital micrographs were taken on a Phillips 100CS microscope at ϫ1200, ϫ2,900, and ϫ6,800.
Ultrastructural analysis. Detailed ultrastructural analysis of the glomerular filtration barrier after 7 days doxycycline exposure was undertaken along the walls of 21 glomerular capillaries (pod/tet-VEGF 164 mice), 13 glomerular capillaries (control littermate mice), and 17 glomerular capillaries (pod/tet-VEGF164/neph-VEGF165b mice). Measurements were taken at random points, selected as points of intersection between a superimposed grid and the glomerular capillary wall (GCW) electron microscopy image, using Adobe Photoshop. Measurements of the subpodocyte space (SPS) were performed as previously described (20, 21) . The fractional area and density of glomerular capillaries was determined according to the methods of Pagtalunan et al. (23). In brief, glomerular area (A G) was determined from the outline of glomeruli in toluidine blue images (n ϭ 5 per group) traced in Adobe Photoshop, from which glomerular volume (V G) was calculated as
where ␤ ϭ 1.38 (the shape coefficient for spheres: the idealized shape for glomeruli) and k ϭ 1.1 is a size distribution coefficient (23, 31).
A calibrated point-and-line lattice was superimposed on the glomerular image, and glomerular capillary surface density (S V) was calculated as
where ⌺I PCW is the number of intersections between lattice lines and the GCW, and ⌺I polygon is the number of lattice points within the glomerular outline. Capillary surface area per glomerulus was calculated as the product of V G and SV.
Glomerular Water Permeability
Glomeruli were harvested from fresh cortical renal tissue pooled from three to five mice from each group using a standard sieving technique and the glomerular ultrafiltration coefficient (LPA: hydraulic conductivity * area product) measured as previously described (26) . In brief, individual glomeruli that were macroscopically intact and free of Bowman's capsule were mounted on a 5-m radius aperture holding pipette within a flow-controlled observation chamber by gentle aspiration onto Ͻ3% of the glomerular surface. The perifusate surrounding the glomerulus was rapidly exchanged from incubating solution (1 g/dl BSA in HEPES Ringer) to 8 g/dl BSA-HEPES Ringer, thereby increasing the oncotic pressure outside the GCW relative to the glomerular capillary lumen. The consequent flux of water out of the glomerular capillaries results in a rapid reduction in glomerular volume, which was recorded continuously on video-tape and analyzed off-line. Linear regression analysis was used to calculate the initial rate of reduction of glomerular volume (J V) occurring in the first 0.1 s after perifusate exchange (i.e., before longtitudinal movement of erythrocytes along capillaries; Ref. 26 ) in response to the applied oncotic pressure gradient (⌬⌸), from which glomerular ultrafiltration coefficient (L PA) was calculated from the relation
assuming that the reflection coefficient to albumin is not significantly different from 1 (26, 29) . Podocyte-specific overexpression of VEGF has previously been shown to increase glomerular volume (36) . Therefore to eliminate potential confounding effects of differences in glomerular size between groups, L PA was normalized to initial glomerular volume (Vi: LPA/Vi; "normalized" ultrafiltration coefficient; Ref. 26 ). In addition, the hydraulic conductivity of the GCW (LP) was calculated as the quotient of LPA and the mean capillary surface area per glomerulus determined from histological sections.
Statistics
Values are expressed as means Ϯ SE. Fold change in each parameter is calculated as the value in doxycycline-treated pod/tet-VEGF 164 mice, divided by mean values in littermate controls treated with doxycycline for the same period (between 1 and 100 days, as specified) and were compared with two-tailed Wilcoxon's signed rank test vs. no fold change (i.e., 1). Unpaired Student's t-tests were used for statistical analysis of experiments involving two groups at individual time points. For three or more groups, data were analyzed with one-way ANOVA. Correlations were assessed with Pearson's correlation coefficient.
RESULTS
Adult double transgenic pod/tet-VEGF 164 mice and control littermates received doxycycline for up to 3.5 mo. Murine VEGF levels in renal cortical tissue did not change over 100 days in doxycycline-treated control littermate mice [means Ϯ SE; 0.79 Ϯ 0.12 ng VEGF/mg total protein; range 1.1 Ϯ 0.25 (7 days) to 0.53 Ϯ 0.06 (100 days); Pearson r 2 ϭ 0.22; P Ͼ 0.3 for all time points, one-way ANOVA, Bonferroni]. In double transgenic pod/tet-VEGF 164 mice treated with doxycycline, VEGF levels rose 2.1-fold (P Ͻ 0.05) compared with doxycycline-treated control littermates after 7 days (control: 1.1 ng VEGF/mg total protein; pod/tet-VEGF 164 : 2.3 ng VEGF/mg total protein) and remained similarly elevated after 14 days (2.0-fold; P ϭ 0.078; control: 1.0 ng VEGF/mg total protein; pod/tet-VEGF 164 : 2.0 ng VEGF/mg total protein). At 100 days, VEGF levels remained 1.75-fold higher than control littermates (P Ͻ 0.05; control: 0.5 ng VEGF/mg total protein; pod/tet-VEGF 164 : 0.9 ng VEGF/mg total protein; Fig. 1 ).
Despite this persistent VEGF 164 overexpression in doxycycline-treated pod/tet-VEGF 164 mice compared with control mice receiving doxycycline for the same period, there were no statistically significant differences in the urine protein-to-creatinine ratio between pod/tet-VEGF 164 mice and control littermates (both doxycycline-treated) at any time point (P Ͼ 0.05, one-way ANOVA, Bonferroni, for all time point comparisons; Fig. 2A ). However, a progressive reduction in the urine protein-to-creatinine ratio was noted between day 1 and day 100 of doxycycline treatment in both pod/tet-VEGF 164 and control groups (both groups: day 1 vs. days 7, 14, 21, 28 , and 100: all P Ͻ 0.05, one-way ANOVA, Bonferroni; test for linear trend P Ͻ 0.005; Fig. 2A ). The urine albumin-to-creatinine ratio in pod/tet-VEGF 164 mice and control littermates treated with doxycycline for the same period was not statistically signifi- cantly different at any of the time points examined (P Ͼ 0.05, one-way ANOVA, Bonferroni, for all time point comparisons; Fig. 2B ). In addition, there were no statistically significant changes in the urine albumin-to-creatinine ratio over time (including before and after doxycycline administration) in either group of mice (both groups: day 0 vs. days 1, 3, 7, and 14: all P Ͼ 0.05, one-way ANOVA, Bonferroni; test for linear trend P Ͼ 0.75; Fig. 2B ).
In the absence of statistically significant changes in overall urinary protein (and albumin) excretion in response to VEGF 164 overexpression, we examined the function of individual glomeruli from VEGF 164 -overexpressing and control mice by measuring the glomerular ultrafiltration coefficient, normalized for glomerular volume (L P A/V i ; min Ϫ1 ·mmHg Ϫ1 ; Fig. 3 ). L P A/V i was not different between pod/tet-VEGF 164 and control littermate mice after 1 day of treatment with doxycycline but increased at day 3 in the double transgenic pod/tet-VEGF 164 mice compared with littermate controls treated with doxycycline for the same period (P Ͻ 0.01), when renal cortical VEGF levels were only slightly increased over baseline levels. L P A/V i was further increased at day 7 (P Ͻ 0.005 vs. doxycycline-treated littermate controls), the time at which VEGF levels were significantly increased. Despite persistent VEGF 164 overexpression in doxycycline-treated pod/tet-VEGF 164 animals compared with control littermates treated with doxycycline for the same period, changes in L P A/V i resolved in doxycycline-treated pod/tet-VEGF 164 at subsequent time points (14 and 100 days: both P Ͼ 0.05, unpaired t-test vs. doxycycline-treated littermate controls). Glomerular L P A/V i in control mice did not change over the course of 100 Fig. 2 . Podocyte-specific, doxycycline-inducible VEGF164 overexpression does not cause proteinuria or albuminuria in vivo. Protein-to-creatinine (P:C) ratio (A) was determined in spot samples of urine collected from pod/tet-VEGF164 mice (black bars) and littermate controls (open bars) treated with doxycycline for between 1 and 100 days (n ϭ 6 -18 mice per time point). albumin-to-creatinine (A:C) ratio (B) was also determined in spot urine samples but from a separate cohort of the same experimental groups (n ϭ 4 -10 mice per time point). There were no significant differences in either P:C ratio (A) or A:C ratio (B) between pod/tet-VEGF164 mice and littermate controls treated with doxycycline for the same period (ns: P Ͼ 0.05 for all time points, one-way ANOVA, Bonferroni correction for comparison between pairs). However, a significant reduction in P:C ratio with increasing duration of doxycycline treatment in both pod/tet-VEGF164 mice and littermate controls was noted {*: all P Ͻ 0.05 vs. day 1 [both wild-type (WT) and pod/tet-VEGF164 (PT) groups], one-way ANOVA, Bonferroni}. A:C ratio did not change with duration of doxycycline treatment for either WT or PT groups [all P Ͼ 0.05 vs. day 0 (both WT and PT groups), one-way ANOVA]. days treatment with doxycycline throughout the study (Pearson r 2 ϭ 0.69; P Ͼ 0.05). Changes in VEGFR2 expression level accompanied the loss of effect of VEGF 164 overexpression after 14 days of doxycycline administration (Fig. 4) . Compared with stable levels of ␣-tubulin in whole kidney cortex during doxycycline administration, VEGFR2 expression increased after 7 days of doxycycline-induced VEGF 164 overexpression in pod/tet-VEGF 164 mice (P Ͻ 0.01 vs. 7-day doxycycline-treated control littermates, unpaired t-test). After 14 days of doxycycline treatment, however, VEGFR2 expression levels in pod/tet-VEGF 164 mice were no longer statistically significantly different from those observed in control littermates treated with doxycycline for the same period.
We have previously shown that VEGF 165 b reduces glomerular permeability to water (24) . Therefore, to determine whether VEGF 165 Consistent with findings in double-transgenic mice (Fig. 2 ), 7 days of doxycycline administration did not cause proteinuria (Fig. 5A) or albuminuria (Fig. 5B) Fig. 5C ). L P A/V i in these P ϩ T ϩ N ϩ mice was comparable to that in control littermates (P Ͼ 0.05, one-way ANOVA, Fig. 5C ).
In pod/tet-VEGF 164 mice treated with doxycycline for 7 days, i.e., with VEGF 164 overexpression and increased glomerular L P A/V i , as well as in triple-transgenic pod/tet-VEGF 164 /neph-VEGF 165 b mice overexpressing VEGF 164 and VEGF 165 b, no gross abnormalities in glomerular morphology were apparent at the light or low-power electron microscopy level (Fig. 6 ). Of note, no differences in total glomerular volume, the fraction of glomeruli comprised of capillary, or total capillary surface area per glomerulus were discerned between VEGF 164 -overexpressing pod/tet-VEGF 164 mice, triple-transgenic pod/tet-VEGF 164 / neph-VEGF 165 b mice, and littermate controls after 7 days of induction with doxycycline ( Table 1 ). The absence of a significant change in glomerular volume or capillary area in VEGF 164 -overexpressing pod/tet-VEGF 164 mice suggested that the observed increase in glomerular L P A/V i might be attributable to a change in the hydraulic conductivity of the GCW (L P ), rather than a change in surface area available for exchange. Estimates of GCW L P , derived as the quotient of L P A and the mean capillary surface area per glomerulus determined from histological sections, indicated that GCW L P was significantly elevated in VEGF 164 -overexpressing pod/tet-VEGF 164 mice treated with doxycyline for 7 days, compared with littermate controls and Overexpression of VEGF164 in podocytes was induced for 7/14 days by addition of doxycycline in drinking water of double-transgenic pod/tet-VEGF164 mice (P ϩ T ϩ ) and control littermates. A: protein extracts were prepared from kidney cortex and Western blot analysis performed with antibodies against VEGFR2 and ␣-tubulin (for equal loading). B: densitometry analysis shows a significant increase in VEGR2 expression in double-transgenic P ϩ T ϩ mice compared with control littermates at 7 days of postinduction (P ϭ 0.008, t-test) but not at 14 days (NS).
triple-transgenic pod/tet-VEGF 164 /neph-VEGF 165 b mice overexpressing both VEGF 164 and VEGF 165 b (both P Ͻ 0.05; Table 1 ).
The compartment of the GCW that is modified by VEGF 164 remains controversial, with evidence for and against a direct effect of VEGF 164 on podocytes in vivo (33, 36) . VEGF 165 b has previously been shown to reduce glomerular endothelial fenestral density (24) . We therefore coupled the assessment of glomerular permeability with an analysis of the ultrastructural components of the GCW that determine L P (Table 1) using electron micrographs of glomeruli from control (Fig. 7A) , pod/tet-VEGF 164 mice (Fig. 7B) , and pod/tet-VEGF 164 /neph-VEGF 165 b mice (Fig. 7C) . We noted a significant reduction in the percentage of the filtering surface of the GCW covered by the subpodocyte space (SPS) in VEGF 164 -overexpressing pod/ tet-VEGF 164 mice (P Ͻ 0.05; Fig. 7D ), an effect that was reversed by co-overexpression of both VEGF 164 and VEGF 165 b (P Ͻ 0.05; Fig. 7D ). No statistically significant differences in the major determinants of filtration through individual SPS (SPS height and SPS exit pore width) were apparent between the three groups of animals ( Table 1 ). In keeping with previous reports, the distance between glomerular endothelial fenestrae was greater in pod/tet-VEGF 164 /neph-VEGF 165 b mice than pod/tet-VEGF 164 mice overexpressing VEGF 164 alone (P Ͻ 0.05; Fig. 7E ). Other ultrastructural determinants of GCW hydraulic conductivity (podocyte filtration slit separation: 
DISCUSSION
We show here that persistent induction of VEGF 164 overexpression in podocytes of adult mouse kidneys in vivo did not elicit proteinuria (or albuminuria) at multiple time points over the course of 100 days of VEGF 164 overexpression and the consequences of glomerular VEGF 164 overexpression could only be discerned by examining renal function at the single glomerular level. VEGF 164 overexpression caused a significant elevation in volume-corrected glomerular ultrafiltration coefficient (L P A/V i ) with no change in the overall or capillary volume of the glomerulus, consistent with VEGF 164 modifying the hydraulic conductivity (L P ) of the GCW. This increase in L P appeared to be mediated by a reduction in the proportion of the GFB covered by the SPS, thereby opening up low-resistance pathways for fluid movement across the GCW. The SPS therefore appears to act as an active and dynamic regulator of glomerular permeability. Having established the consequence of VEGF 164 overexpression on glomerular function, we found that VEGF 165 b prevents the VEGF 164 -induced changes in glomerular permeability and ultrastructure in vivo.
Modest Phenotype of VEGF 164 -Overexpressing Adult Mice
To assess whether continuous overexpression of VEGF 164 can trigger the development of progressive glomerulopathy in mature, normally developed glomeruli, we investigated VEGF 164 overexpression in adult mice. VEGF 164 is a critical endothelial cell mitogen and survival factor (5), so overexpression of VEGF 164 during glomerulogenesis can result in disordered capillary loop assembly and development of an abnormal GFB structure and has consistently been shown to result in glomerular disease in neonatal mice (33, 35) . It is the mature GFB, however, that represents the situation in adult patients with early renal disease, in whom altered glomerular function has been proposed to be a consequence of abnormal VEGF levels (41) . In these mature glomeruli, however, VEGF 164 overexpression appears to have more modest consequences. Sison et al. (33) and Veron et al. (36) both reported significant proteinuria in response to glomerular VEGF 164 overexpression in weaned or fully-developed mice (33, 36) , but the effects of VEGF 164 overexpression were variable, with no albuminuria in 25-50% of mice (33, 36, respectively). Ma et al. (18) also reported no albuminuria after 3 wk of doxycyline-induced glomerular VEGF 164 overexpression in adult mice (18) . In this study, we also found that VEGF 164 overexpression did not induce albuminuria and only resulted in modest and transient changes in glomerular water permeability.
Approximately twofold increases in VEGF 164 levels (as compared with doxycycline-treated control littermate mice) were observed in response to induced VEGF 164 overexpression in all of these studies, as well as the current report. However, (6) Results are presented as means Ϯ SE, with n numbers in parentheses denoting glomeruli (for whole glomerular measurements) and glomerular capllaries (for capillary wall measurements). LPA, glomerular ultrafiltration coefficient; Vi, initial glomerular volume; LP, hydraulic conductivity of the glomerular capillary wall. *P Ͻ 0.05, ***P Ͻ 0.005 vs. littermate control, one-way ANOVA.
NS no significant difference vs. any group, P Ͼ 0.05, one-way ANOVA. ns no significant difference vs. littermate control mice, P Ͼ 0.05, one-way ANOVA. ‡P Ͻ 0.05 vs. pod/tet-VEGF164 mice, one-way ANOVA.
total VEGF 164 levels were higher after 7 days of doxycycline administration in this study (2.3 ng VEGF/mg total protein) than in previous reports (e.g., 0.2 and 0.128 ng total VEGF/mg total protein; Refs. 18, 36), and therefore it seems unlikely that the absence of robust renal disease in response to VEGF 164 overexpression in our study is a consequence of low levels of VEGF 164 overexpression. Alternatively, it is possible that differences in mouse strain modify the degree of change in glomerular function induced by supraphysiological levels of VEGF 164 . Mice in which VEGF 164 did not elicit albuminuria [this report and Ma et al. (18) ] were generated on the nephropathy-resistant C57Bl6 background, whereas those with the greatest proportion of mice displaying albuminuria were generated on an FVB background (36) .
Compensation for VEGF 164 -Overexpression by the VEGF Axis
We find that 7 days of overexpression of VEGF 164 increases VEGFR2 protein expression levels but that VEGFR2 protein levels return to baseline levels after 14 days of VEGF 164 overexpression, i.e., at the time point at which glomerular L P A/V i values are no longer statistically significantly different from doxycyline-treated control littermates. At both time points, absolute levels (2.3 and 2.0 ng VEGF/mg total protein at 7 and 14 days, respectively) and fold increases (2.1-and 2.0-fold higher than doxycycline-treated control littermates at 7 and 14 days, respectively) in VEGF 164 levels were similar, although the increase in VEGF 164 levels at 14 days did not reach the threshold of statistical significance (P ϭ 0.078). These changes in VEGFR2 expression represent one biologically plausible example of how the VEGF-VEGFR axis may compensate for experimental transgenic overexpression of one component (VEGF 164 ) of the axis. Sison et al. (33) have previously demonstrated that VEGF 164 overexpression also increases VEGFR2 phosphorylation and that intact VEGFR2 signaling is required for normal glomerular function. VEGF 165 also stimulates increased VEGFR2 levels (as well as phosphorylation) in other cell types (39) . E: distance between fenestrae tended to reduce (P ϭ 0.1, one-way ANOVA) in VEGF164-overexpressing mice but was significantly increased in VEGF164/VEGF165b co-overexpressing mice (*P Ͻ 0.05, one-way ANOVA). There were no significant differences between groups in glomerular basement membrane width (F) or in podocyte foot width (G (24), glomerular normalized ultrafiltration coefficient in isolated intact glomeruli ex vivo; coadministration opposes the consequences of either molecule alone (24) ; and long-term, podocyte-specific overexpression of VEGF 165 b has no detectable deleterious consequences on renal function (24) . We found that constitutive overexpression of VEGF 165 b blocked the changes in glomerular water permeability and glomerular ultrastructure that occurred in response to short-term (7 days) overexpression of VEGF 164 . We have not examined later time points, since we observed no changes in proteinuria, albuminuria, or single glomerular function after longer duration VEGF 164 overexpression.
Appropriate total levels of VEGF isoforms are required for maintenance of healthy glomeruli (9). Our results indicate that an appropriate balance of VEGF isoforms in the adult kidney is also an important determinant of glomerular function. Early studies (6) suggested that blocking the activity of the VEGF axis might hold therapeutic potential in some forms of kidney disease, but it is becoming increasingly well illustrated that nonspecific blockade of the VEGF system has deleterious consequences. For example, a number of patients receiving the anti-VEGF antibody bevacizumab, which targets all VEGF isoforms, develop a renal thrombotic microangiopathy that is reproduced by transgenic downregulation of all VEGF isoforms in mouse models (6) . Changes in VEGF isoform balance are important in Denys Drash syndrome, a cause of diffuse mesangial sclerosis and renal failure in childhood (32) . Whether there are comparable changes in VEGF isoform balance in human renal disease is not yet known, but strategies that selectively return the balance of isoforms, such as modifiers of the SRPK1/ASF/SF2 splicing factor system (22) , might offer a new avenue for modifying the VEGF axis for therapeutic advantage.
SPS is a Dynamic, VEGF-Responsive Regulator of Glomerular Water Permeability
The increase in glomerular ultrafiltration coefficient noted after 7 days of VEGF 164 overexpression appeared to be mediated via modification of the hydraulic conductivity of the GCW. The ultrastructural correlate of this increase in hydraulic conductivity included a reduction in the coverage of glomerular capillaries by the SPS. The SPS is a restrictive urinary space, bounded on the capillary side by podocyte foot processes and on the urinary side by the plasma membrane of podocyte cell bodies or primary processes (see Fig. 7 ) (20) . Exit foramina from the SPS lead into more peripheral urinary spaces. The narrowness of these SPS "exit pores" (47 Ϯ 9 nm), combined with the tortuosity and length of the filtration path through the SPS, results in a high resistance to fluid (and solute) movement through the SPS. Mathematical modeling (21) and experimental (27) evidence suggest that this resistance is of similar magnitude to that imposed by the glomerular basement membrane. The GCW can therefore be considered heterogeneous: portions of the wall that are covered with SPS have high resistance (i.e., low hydraulic conductivity) and portions without an overlying SPS have lower resistance (i.e., high hydraulic conductivity). In the oncometric assay employed here, reduced SPS coverage provides a greater surface area for the oncotic effect of abluminally applied albumin solutions, eliciting greater fluid flux and therefore an increase in measured L P A. In vivo, reduced SPS coverage translates to an increased proportion of "low resistance" areas, thereby increasing the effective hydraulic conductivity of the glomerulus as a whole.
We observed a significant reduction in the proportion of the GCW covered by SPS in mice overexpressing VEGF 164 and also noted that co-overexpression of VEGF 164 and VEGF 165 b restored SPS coverage to a degree comparable to that observed in doxycycline-treated control littermate mice. We have also previously reported that transgenic overexpression of just the VEGF 165 b isoform alone does not alter SPS coverage (24) . Different isoforms of VEGF therefore elicit isoform-specific changes in SPS coverage, as well as isoform-specific changes in glomerular water permeability. The significance of VEGF 164 overexpression-induced changes in SPS to the increase in hydraulic conductivity calculated for VEGF 164 overexpressing mice can be derived from the relationships given in Neal et al. (21; in particular Eq. 17) . A combined increase in SPS height from 163 to 193 nm, in SEP width from 47 to 69 nm and a decrease in SPS area from 65 to 43% would increase glomerular hydraulic conductivity by 65%, accounting for 63% of the observed effect of VEGF 164 overexpression on glomerular hydraulic conductivity, with the change in SPS area and exit pore width contributing most. Thus the majority of the increase in permeability can be accounted for by changes in SPS coverage and structure, although increased endothelial fenestral density in VEGF 164 -overexpressing mice would also be expected to increase hydraulic conductivity of the endothelial layer. In triple-transgenic VEGF 164 and VEGF 165 b overexpressing mice, restoration of SPS height and coverage, coupled with a reduction in endothelial fenestrae, accord with the restoration of GCW hydraulic conductivity to values observed in doxycycline-treated littermate controls. In addition, SPS changes may alter the mechanical influence that the podocyte exerts on the filtration properties of other layers of the glomerular filtration barrier (11) , thereby providing an additional mechanism for SPS-induced modification of glomerular permeability.
In summary, we find that long-term increased VEGF 164 levels in podocyte-specific, doxycycline-inducible pod/tet-VEGF 164 transgenic adult mice do not cause proteinuria but do result in a transient increase in volume-corrected glomerular ultrafiltration coefficient (L P A/V i ). Mouse factors (age and strain) and changes in other components of the VEGF axis in VEGF 164 -overexpressing mice (e.g., VEGFR2) may contribute to the differences in glomerular function observed at different time points and in different studies after VEGF 164 overexpression. A reduction in SPS coverage of the glomerular filtration barrier, which is in keeping with the increase in L P A/V i , was observed in VEGF 164 -overexpressing mice. We also show that podocyte-specific VEGF 165 b overexpression ameliorates the deleterious consequences of VEGF 164 upregulation in vivo. 
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